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Background and purpose: TGR5 plays an important role in many physiological processes. However, the functions
of TGR5 in the regulation of the glucose metabolism and insulin sensitivity in the skeletal muscles have not been
fully elucidated. We synthesized MN6 as a potent and selective TGR5 agonist. Here, the effect of MN6 on insulin
resistance in skeletal muscles was evaluated in diet-induced obese (DIO)mice and C2C12myotubes, and the un-
derlying mechanisms were explored.
Methods: The activation of MN6 on human andmouse TGR5was evaluated by a cAMP assay in HEK293 cell lines
stable expressing hTGR5/CRE or mTGR5/CRE cells. GLP-1 secretion was measured in NCI-H716 cells and CD1
mice. The acute and chronic effects of MN6 on regulating metabolic abnormalities were observed in ob/ob and
DIO mice. 2-deoxyglucose uptake was examined in isolated skeletal muscles. Akt phosphorylation, glucose up-
take and glycogen synthesis were examined to assess the effects of MN6 on palmitate-induced insulin resistance
in C2C12 myotubes.
Results:MN6 potently activated human and mouse TGR5 with EC50 values of 15.9 and 17.9 nmol/L, respectively,
and stimulatedGLP-1 secretion inNCI-H716 cells and CD1mice. A single oral dose ofMN6 significantly decreased
the blood glucose levels in ob/ob mice. Treatment with MN6 for 15 days reduced the fasting blood glucose and
HbA1c levels in ob/ob mice. MN6 improved glucose and insulin tolerance and enhanced the insulin-stimulated
glucose uptake of skeletal muscles in DIO mice. The palmitate-induced impairment of insulin-stimulated Akt
phosphorylation, glucose uptake and glycogen synthesis in C2C12myotubes could be prevented byMN6. The ef-
fect of MN6 on palmitate-impaired insulin-stimulated Akt phosphorylation was abolished by siRNA-mediated
knockdown of TGR5 or by the inhibition of adenylate cyclase or protein kinase A, suggesting that this effect is de-
pendent on the activation of TGR5 and the cAMP/PKA pathway.
Conclusions:Our study identified that a TGR5 agonist could ameliorate insulin resistance by the cAMP/PKA path-
way in skeletal muscles; this uncovered a new effect of the TGR5 agonist on regulating the glucose metabolism
and insulin sensitivity in skeletal muscles and further strengthened its potential value for the treatment of
type 2 diabetes.
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1. Introduction

TGR5 is a member of the G-protein-coupled receptor (GPCR) super-
family identified in 2002 as a cell surface receptor of bile acids. It is
enosine monophosphate; DIO,
xtensor digitorum longus; FXR,
, high-fat diet; ITT, insulin toler-
nce test; PKA, protein kinase A;
pling protein 1.
ug Research, Shanghai Institute
hong Zhi Road 555, Shanghai,

simm.ac.cn (Y. Leng).
.

expressed in multiple tissues, such as the gallbladder, placenta, spleen,
intestines, skeletal muscles and brown adipose tissues, but the expres-
sion levels vary between different tissues [1,2]. The activation of TGR5
triggers the increase of intracellular cyclic AMP, leading to diverse
downstream actions, and TGR5 participates in a large spectrum of bio-
logical processes, such as anti-inflammation, gallbladder relaxation, in-
testinal motility, glucose homeostasis and energy metabolism [3–5].
The overexpression of TGR5 could ameliorate glucose intolerance in
high-fat diet-induced obese (DIO) mice by stimulating GLP-1 secretion
and insulin release in response to glucose loading,while the knockdown
of TGR5 exacerbates glucose intolerance [6,7]. The TGR5 agonists, such
as INT-777 and TRC210258, could significantly prevent obesity and in-
sulin resistance in DIO mice [6,8]. RDX8940, a novel intestinal TGR5 ag-
onist, improved liver steatosis and insulin sensitivity in mice fed a
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Western diet [9]. This evidence suggests that TGR5 is an attractive target
for the treatment of metabolic diseases.

Currently, themain superiority of TGR5 for treating diabetes is based
on its two physiological effects. One is that the activation of TGR5 in in-
testinal enteroendocrine cells will evoke the release of GLP-1, an
insulinotropic hormone that regulates insulin and glucagon secretion
along with gastrointestinal motility and appetite [10–12]. Another is
the activation of TGR5 in brown adipose tissue and the muscles will in-
duce the expression of mitochondrial uncoupling protein 1 (UCP1) and
D2 (type 2 deiodinase), promotes intracellular thyroid hormone activa-
tion and induces energy expenditure [5,13]. As an important insulin tar-
get tissue, the skeletal muscle plays a key role in glucose disposal.
Insulin resistance in the skeletal muscle resulted in a decrease in
insulin-stimulated glucose transport and glycogen synthesis [14,15],
thus impairing the whole-body glucose homeostasis [16–18]. TGR5 ac-
tivation promotes GLP-1 secretion and subsequently improves the
whole-body glucose homeostasis and insulin sensitivity, whichmay in-
directly lead to the amelioration of insulin resistance in skeletalmuscles
[19]. Although some direct effects of TGR5 activation on skeletal muscle
were reported to increase theD2expression and activity and to enhance
oxygen consumption [5,20], the molecular functions of TGR5 activation
in skeletal muscle are still far from being elucidated. A recent study
found that the exercise-induced unfolded protein response could in-
crease TGR5 expression and could thus promote skeletalmuscle cell dif-
ferentiation in mice [21]. However, the direct regulation of TGR5
activation on glucose metabolism and insulin signaling in skeletal mus-
cle has not been fully investigated. We wondered whether the activa-
tion of TGR5 in skeletal muscles may affect insulin signaling and if it
could correct insulin resistance in type 2 diabetes.

We developed and synthesized a series of potent and selective TGR5
agonists [22–26], andMN6 (compound 22 g in reference 26) was a rep-
resentative compound that activated both human and mouse TGR5
with EC50 values of 1.5 nmol/L and 18 nmol/L, respectively, and did
not activate FXR [26]. In the present study, the stimulation of GLP-1 se-
cretion and the antihyperglycemic effect of MN6 were evaluated both
in vitro and in vivo using ob/ob and DIO mice, which are well-
established, clinically relevantmodels of diabesity [27,28]. More impor-
tantly, by utilizingMN6as a potent and selective TGR5 agonist, we dem-
onstrated the beneficial effects of TGR5 in the amelioration of insulin
resistance in the skeletal muscles of DIO mice and C2C12 myotubes
and further explored the underlying mechanisms.
2. Materials and methods

2.1. Materials

MN6 was synthesized as described [26]. BI1356 and LCA were pur-
chased from Kaifang Pharmaceutical Technology Co. Ltd. (Shanghai,
China) and TCIChemical Industry Development Co., Ltd. (Shanghai,
China), respectively. The adenylate cyclase (AC) inhibitor MDL-12330-
A hydrochloride and the protein kinase A (PKA) inhibitor H89were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). The polyvinylidene
difluoride membranes were purchased from Merck Millipore (Bedford,
MA, USA). The primary antibodies against phospho-Akt (Ser473)
(#9271L), phospho-Akt (Thr308) (#9275L), pan-Akt (#9272S) and
GAPDH (#2118L) were obtained from Cell Signaling Technology (Bev-
erly, MA, USA). The horseradish peroxidase-conjugated secondary anti-
body and siLentFect lipid were purchased from Bio-Rad (Shanghai,
China). The 1,2-deoxy-D-[1,2-3H] glucose and D-[U-14C] glucose were
purchased from PerkinElmer (Massachusetts, USA). The siRNA-
targeted TGR5 was purchased from Dharmacon RNA Technology (Lafa-
yette, CO,USA). TheUniversal SYBRGreen Supermix and96-well optical
reaction plates were separately purchased from TaKaRa (Dalian, China)
and BIOplastics (Rötscherweg, Netherlands). The primers were synthe-
sized by Invitrogen (Shanghai, China).
2.2. Animals

CD1mice and C57BL/6J mice were purchased from SLAC Laboratory
Animals (Shanghai, China). B6.V-Lepob/Lepob mice (Jackson Laboratory,
Bar Harbor, ME, USA) were bred at the Shanghai Institute of Materia
Medica Chinese Academy of Sciences (Shanghai, China). All mice were
housed in a specific, pathogen-free class laboratory and were main-
tained at a controlled room temperature (22–24 °C) under a 12 h
light-dark cycle with free access to water and food. For the DIO mouse
study, C57BL/6 J male mice were fed a high-fat diet (60 kcal% fat,
20 kcal% protein and 20 kcal% carbohydrate; Cat. D12492i, Research
Diet, New Brunswick, NJ, USA). The animal experiments were con-
ducted in accordance with the guides by the Institutional Animal Care
and Utilization Committee (IACUC) of Shanghai Institute of Materia
Medica (SIMM), Chinese Academy of Sciences (CAS). The protocol was
approved by the IACUC, SIMM, CAS.

2.3. In vitro TGR5 assay

Human or mouse TGR5/CRE/HEK293 stable cell lines were obtained
and maintained as described [26]. MN6 was diluted into different con-
centrations and was used to treat cells for 0.5 h. The intracellular
cAMP production was determined by the HTRF cAMP Assay Kit (Cisbio,
France).

2.4. In vitro GLP-1 assay

The assay was performed as described previously [25]. Briefly,
human enteroendocrine NCI-H716 cells were washed with KREBS
(NaCl 128.8 mM, KCl 4.8 mM, KH2PO4 1.2 mM, MgSO4 1.2 mM, CaCl2
2.5 mM, NaHCO3 5 mM and HEPES 10 mM) and then were incubated
with different concentrations of MN6 in KREBS (containing 0.2% BSA
and 1% DPP-4 inhibitor) for 2 h at 37 °C. GLP-1 was collected from the
incubation buffer and was assayed using an Active GLP-1 ELISA Kit
(Millipore, USA). The sensitivity of the GLP-1 assay was 2 pmol/L, and
the intra-assay and inter-assay CVs were 2.5% and 8.4%, respectively.

2.5. GLP-1 secretion in CD1 mice

Male CD1 mice were fasted overnight and were randomly assigned
to four groups (n = 9) based on their body weight. MN6 (25, 50 or
100 mg/kg) or the vehicle (0.25% CMC-Na) were orally administered
to CD1 mice. Then, 1 h later, all mice were challenged with 4 g/kg glu-
cose, and blood samples were collected 5 min after the glucose chal-
lenge began; then, the samples were placed in Eppendorf tubes
containing a DPP-4 inhibitor (Millipore, DPP-4-010) with a final con-
centration of 1% blood samples and 25 mg/mL EDTA to measure the
plasma active GLP-1[7–36 amide] levels.

Male CD1 mice were randomly assigned to eight groups (n = 10)
based on their body weights (26–28 g) and were orally administered
50 mg/kg MN6, 3 mg/kg BI1356, 50 mg/kg MN6 combined with
3 mg/kg BI1356 or the vehicle (0.25% CMC-Na). All food was removed
before the administration. The blood samples were collected at 4 h
and 8 h after dosing as described above to measure the active GLP-1
level. The mice were kept in a fasting state during the treatment.

2.6. MN6 treatment in ob/ob mice

Seven- to eight-week-old male ob/obmice were randomly assigned
to two groups (n= 10) based on their fasting blood glucose and insulin
levels and their body weights, and they were subjected to gavage treat-
ment with 50 mg/kg MN6 or the vehicle (0.25% CMC-Na) after 2 h of
fasting. The blood glucose levels were determined before dosing and
2, 4, 6, 10 and 24 h after dosing. The mice were given food again at
6 h. After that, the ob/ob mice were continuously treated with
50 mg/kg MN6 and the vehicle twice daily for 17 days. The fasting
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blood glucose levels of ob/obmicewere detected on day 4, 8, 12 and 15.
The food intake levels were measured daily except the days detecting
fasting blood glucose. The body weights were measured every day.
Blood samples were collected for HbA1c measurement on treatment
day 15. These mice were euthanized by carbon dioxide asphyxiation
on day 17.

2.7. Chronic MN6 administration in DIO mice

C57BL/6J male mice (3–4 weeks) were fed a formulated research
diet containing 60% of the calories from fat (high-fat diet) for
16 weeks before and throughout the duration of the experiment. A cor-
responding group of C57BL/6 J male mice (n = 20) fed with standard
diet (SD) was set. DIO mice were randomly assigned to two (n = 20)
groups based on their fasting blood glucose levels and body weights
and were subjected to a twice daily gavage administration of
50mg/kgMN6 or the vehicle (0.25% CMC-Na) for 39 days. The standard
diet mice were administrated by gavage with the vehicle (0.25% CMC-
Na) twice daily. The fasting blood glucose levels were measured at day
12, 18 and 24 after dosing. An oral glucose tolerance test (OGTT,
1.5 g/kg glucose, n= 10) and an insulin tolerance test (ITT, 0.5 U/kg in-
sulin, n = 10) were performed in 10 different mice randomly chosen
from each group on days 28 and 35, respectively. On the last day of ad-
ministration, the mice were anaesthetized with an i.p. injection of so-
dium pentobarbital (60 mg/kg). Eight mice from the vehicle- and
MN6-treated groupswere randomly selected, and the soleus and exten-
sor digitorum longus (EDL) muscles were isolated to perform a 2-
deoxyglucose uptake assessment [29,30]. Briefly, the muscles were in-
cubated in pregassed (95% O2/5% CO2) KHB buffer containing
5 mmol/L glucose and 15 mMmannitol, with or without 12 nM insulin
for 30 min and were then rinsed in glucose-free KHB buffer with or
without insulin for 10 min; this was followed by an incubation in vials
containing 1 mmol/L 2-deoxy-D-glucose, 19 mmol/L mannitol, 2.5 μCi/
mL [1,2-3H]-2-deoxy-D-glucose, and 0.7 μCi/mL [14C] mannitol with or
without insulin for 20min. The gas phase (95% O2/5% CO2) and temper-
ature (30 °C) were maintained during the muscle incubation. The mus-
cles were frozen in liquid nitrogen and were processed as described
previously [29]. The glucose transport activity is expressed as glucose
analogue accumulated (μmol) per milliliter of intracellular water per
hour.

2.8. Protein phosphorylation, glucose uptake and glycogen synthesis in
C2C12 myotubes

C2C12 myoblasts (American Type Culture Collection, ATCC) were
maintained in DMEM containing 10% FBS at 37 °C and 5% CO2. The con-
fluent cells were differentiated into myotubes by culturing with DMEM
containing 2% horse serum (HS) for 5 days. To evaluate the effects of
MN6 or LCA on palmitate-induced insulin resistance, C2C12 myotubes
were preincubated with or without MN6 or LCA for 8 h and were then
coincubated with BSA or 0.75 mM palmitate for 16 h.

For protein phosphorylation measurements, C2C12 myotubes were
pretreated as described above, and then the myotubes were homoge-
nized and subjected to western blot analysis. The protein preparation
and western blot analyses were performed as described previously
[29]. The primary antibodies used in this study included anti-GAPDH
(dilution 1:4000), anti-phospho-Akt (Ser 473) (dilution 1:1000), anti-
phospho-Akt (Thr 308) (dilution 1:1000) and anti-pan-Akt (dilution
1:1000). The blots were blocked in 7.5% milk and were then incubated
overnight at 4 °Cwith the primary antibody; this was followed by an in-
cubationwith the goat anti-rabbit antibody (dilution 1:10000). The blot
bands were visualized via ECL plus chemiluminescence (Amersham, IL,
USA) and were quantified via densitometry using Quantity One (Bio-
Rad, USA).

For 2-deoxyglucose uptake, C2C12myotubes were pretreated as de-
scribed above and were then incubated in KRHB (130 mM NaCl, 5 mM
KCl, 1.3mMMgSO4, 1.3 mMCaCl2, 25mMHEPES, pH 7.4) with or with-
out 100 nM insulin for 30 min; this was followed by incubation with
0.05mM2-deoxy-D-glucose and 0.5 μCi/mL 2-deoxy-D-[1,2-3H] glucose
at 37 °C for 10 min. The glucose uptake was terminated by three quick
washes with ice-cold PBS followed by the addition of 150 μL of 0.1%
(vol/vol) Triton-X 100 for the quantitation of [3H] using liquid scintilla-
tion. The radioactivity was determined by liquid scintillation counting
(Perkin Elmer Trilu, Massachusetts, USA). The data were normalized
against the protein concentration, as determined by a Bradford assay.
The net insulin stimulated glucose uptake was calculated as described
previously [31].

For the determination of glycogen synthesis, C2C12 myotubes were
pretreated as described above andwere then incubated inmedium sup-
plemented with D-[U-14C] glucose (1 μCi/mL) in the presence or ab-
sence of 100 nM insulin for 1 h. The cells were lysed with 1 M NaOH,
and ethanol was added to precipitate the glycogen for 2 h at 4 °C. The
incorporation of [14C] glucose into the glycogenwasmeasured by liquid
scintillation counting.

2.9. Transfection of TGR5 siRNA and quantitative real-time PCR

To knock down the expression of TGR5, small interfering RNAs
targeting mouse TGR5 (ON-TARGETplus SMARTpool; Dharmacon
RNA Technology, Lafayette, CO, USA) were transfected twice using
siLentFect Lipid Reagent (Bio-Rad, CA, USA) on day 2 and day 4 dur-
ing C2C12myotube differentiation. The gene expression of TGR5was
analyzed by quantitative PCR as previously described [29] and was
normalized to the expression of β-actin. The primer sequences
were as follows: TGR5, TRG5F (5′-GGGTCAGCTCCCTGTTCTTT-3′),
and TRG5R (5′-CAGGGTTGAGGGTACATCGC-3′); β-actin, β-actinF
(5′-GTACGACCAGAGGCATACAG-3′), and β-actinR (5′-CTGAAGTAC
CCCATTGAACA-3′).

2.10. Intracellular cAMP assay in C2C12 myotubes

C2C12myotubeswere treatedwithMN6 at the indicated concentra-
tions for 0.5 h andwere then lysed by treatmentwith 0.1MHCl. The in-
tracellular cAMP levels were measured using an ELISA kit purchased
from Enzo Life Science (Farmingdale, NY, USA).

2.11. Statistical analysis

The results are expressed as themeans±SEMs. The statistical signif-
icance was determined by Student's unpaired t-test (two-tailed) using
GraphPad Prism software. The values of P b 0.05were considered statis-
tically significant.

3. Results

3.1. MN6 is a potent TGR5 agonist that stimulates GLP-1 secretion both
in vitro and in vivo

In a previous study, we reported a synthetic small molecule, MN6
(Fig. 1A), as a selective and potent TGR5 agonist with EC50 values of
1.5 and 18 nM on hTGR5 and mTGR5, respectively, by a CRE-driven lu-
ciferase reporter gene assay in either the hTGR5/CRE/HEK293 or
mTGR5/CRE/HEK293 stable cell line [26]. Here, we detected the effects
of MN6 on cAMP production in the same cell lines. As shown in Fig. 1B
and C, MN6 resulted in a dose-dependent elevation of the intracellular
cAMP levels in human and mouse TGR5/CRE/HEK293 stable cell lines,
with an EC50 value of 15.9 nM on hTGR5 and 17.9 nM on mTGR5.
Lithocholic acid (LCA), a natural ligand of TGR5, showed much weaker
activity, with an EC50 value of 0.74 μM on hTGR5 and 1.64 μM on
mTGR5. MN6 significantly promoted GLP-1 secretion in human
enteroendocrineNCI-H716 cells in a dose-dependentmanner. GLP-1 se-
cretion was increased to 2-fold of that of the control after a 2 h
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treatment with 10 μMMN6 (Fig. 1D). Then, we further investigated the
effect of MN6 on active GLP-1 levels in vivo. MN6 increased the plasma
active GLP-1 level in CD1mice following a glucose bolus,with a 68.5% or
89.3% increase after a single dose of 50 or 100 mg/kgMN6, respectively
(Fig. 1E). As GLP-1 can be degraded by DPP-4, we then tested the syner-
gistic effect between MN6 and BI-1356, a known DPP-4 inhibitor. The
results show that a single dose of either 50 mg/kg MN6 or 3 mg/kg BI-
1356 significantly increased the plasma active GLP-1 levels in CD1
mice 4 h or 8 h after treatment. Cotreatment with MN6 and BI-1356 re-
sulted in a more significant increase in the plasma active GLP-1 levels,
especially at 8 h, reaching a 4-fold increase compared to that of the con-
trol (Fig. 1F).
3.2. MN6 improved glucose homeostasis in diabetic mice

In our previous study [26], MN6(22 g) showed similar EC50 on
mTGR5 activation with 23 g, thus we using 50 mg/kg, the same dose
with 23 g to investigate the efficacy of MN6 in ob/obmice. The pharma-
cokinetic data of MN6 in rats and ob/ob mice were showed in Supple-
mentary Tables 1 and 2. In ob/ob mice, a single dose of 50 mg/kg MN6
significantly reduced the blood glucose levels, with a 33.1% reduction
2 h after dosing, which was sustained and significantly lower up until
12 h after dosing (Fig. 2A). The chronic administration of 50 mg/kg
MN6 to ob/ob mice for 15 days decreased the fasting blood glucose
level by 32.9% on average (Fig. 2B), and the HbA1c level was reduced
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by 16.3% (Fig. 2C). No changes in food intake or body weight were ob-
served during the treatment (Fig. 2D and E).

3.3. MN6 improved metabolic abnormalities and increased the insulin-
stimulated glucose uptake in the skeletal muscles of DIO mice

To investigate whether MN6 could restore metabolic homeosta-
sis in subjects who were already obese and insulin resistant, we gen-
erated DIO by feeding mice a HFD (high-fat diet) for 16 weeks.
Thereafter, the mice were treated with MN6 (50 mg/kg bid) for
39 days. The HFDmice exhibited obesity, hyperglycemia, severe glu-
cose intolerance and insulin resistance compared with the charac-
teristics of the SD (standard diet) mice (Fig. 3A–F). MN6
significantly decreased the fasting-blood glucose level at day 18
and day 24 (Fig. 3A). During the whole treatment, MN6 induced sta-
tistically significant decreases on the body weight and food intake of
DIO mice, with reductions of 11.3% (Fig. 3B) and 13.6% (Fig. 3C), re-
spectively. After 28 days of treatment with MN6, the HFD mice
exhibited a significant reduction in their blood glucose levels follow-
ing an oral glucose challenge (Fig. 3D), and the mice exhibited a
22.0% reduction of the AUC (Fig. 3E). Treatment with MN6 for
35 days also evoked a significantly greater reduction in the blood
glucose values at 90 and 120 min after the insulin injection, indicat-
ing improved insulin sensitivity in MN6-treated DIO mice (Fig. 3F).
To further investigate the insulin sensitivity of the skeletal muscles
in MN6-treated DIO mice, EDL and soleus muscles were isolated to
perform 2-deoxyglucose uptake analysis. As shown in Fig. 3G and
H, the insulin-stimulated glucose uptake was enhanced by 19.0% in
the soleus muscle and by 19.2% in the EDL muscle, indicating an im-
provement in insulin sensitivity.

3.4. MN6 prevented palmitate-induced insulin resistance in C2C12
myotubes

To investigate the direct effects of MN6 on the insulin sensitivity
of the skeletal muscles, we cultured C2C12 myotubes with palmitate
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to induce insulin resistance. After a 16 h incubation with 0.75 mM
palmitate, the C2C12 myotubes showed significant decrease in the
insulin-stimulated phosphorylation of Akt (Ser 473 and Thr 308),
glucose uptake and glycogen synthesis (Fig. 4). Preincubating
C2C12 myotubes with 0.3 μM MN6 significantly prevented the pal-
mitate impairment of the insulin-stimulated phosphorylation of
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Akt (Ser 473 and Thr 308) and glucose uptake (Fig. 4A-C). The
palmitate-induced attenuation of insulin-stimulated glycogen syn-
thesis could also be prevented by preincubation with 1 μM MN6
(Fig. 4D).

3.5. TGR5 is indispensable in the prevention of palmitate-induced insulin
resistance by MN6 in C2C12 myotubes

MN6 elevated the intracellular cAMP levels in C2C12 myotubes in
a dose-dependent manner (Fig. 5A). To determine whether the ef-
fects of MN6 on the cAMP levels and on the palmitate-induced im-
pairment of insulin-stimulated Akt phosphorylation was
dependent on TGR5, TGR5 expression was downregulated by siRNAs
in C2C12 myotubes. After siRNA interference, the TGR5 expression
was reduced to 55% of that of the negative control group (Fig. 5B).
As shown in Fig. 5C, down-regulation of TGR5 completely blocked
the MN6-induced elevation of the cAMP levels. Furthermore, the
preventive effects of MN6 on the palmitate-induced reduction of
insulin-stimulated Akt phosphorylation (Ser 473 and Thr 308)
were also blocked by down-regulation of TGR5 (Fig. 5D–F). These
data indicate that MN6 protected the C2C12 myotubes against
palmitate-induced insulin resistance in a manner that was depen-
dent on TGR5.

3.6. Activation of TGR5 by MN6 prevented palmitate-induced insulin resis-
tance via the cAMP/PKA pathway in C2C12 myotubes

Since the activation of TGR5 triggered a cAMP release that may
lead to the activation of protein kinase A (PKA), we further examined
the involvement of cAMP and PKA in the preventative effects of MN6
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against palmitate-induced insulin resistance. The effects of the AC in-
hibitor MDL-12330-A and the PKA inhibitor H89 on MN6 prevented
Akt phosphorylation under the insulin-stimulated conditions were
observed in C2C12 myotubes. As shown in Fig. 6A–C, the effects of
MN6 on insulin-stimulated Akt phosphorylation (Ser 473 and Thr
308) were completely blocked by MDL-12330-A in C2C12 myotubes.
The improvement of insulin-stimulated Akt phosphorylation by
MN6 was also completely blocked by H89 pretreatment (Fig. 6D–
F), suggesting that MN6 prevented palmitate-induced insulin resis-
tance in a manner that was dependent on the elevated cAMP level
and PKA activation.
3.7. LCA prevented palmitate-induced insulin resistance in C2C12myotubes

To test whether the native agonist of TGR5 has the same function as
MN6, we treated C2C12 myotubes with LCA in the same way as we
treated MN6. Preincubation with 3 μM LCA prevented the palmitate-
induced impairment of insulin-stimulated Akt phosphorylation
(Fig. 7A and B). LCA (10 μM) significantly ameliorated the palmitate-
induced decrease in insulin-stimulated glycogen synthesis (Fig. 7C).
Thus, we speculated that LCA, the natural agonist of TGR5, had similar
functions as those of MN6 in preventing palmitate-induced insulin
resistance.
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4. Discussion

The activation of TGR5 greatly impactsmany physiological functions
[5,32,33]; however, whether the TGR5 agonist could directly ameliorate
insulin resistance and regulate glucose metabolism in the skeletal mus-
cles has not been fully elucidated. In the current study, we demon-
strated that MN6, a potent TGR5 agonist, stimulated GLP-1 secretion,
ameliorated hyperglycemia in diabetic mice, and improved glucose
and insulin tolerance in DIO mice. More importantly, our study shows
that MN6 enhanced insulin-stimulated glucose transport in the skeletal
muscles of DIO mice and prevented the palmitate-induced impairment
of insulin-stimulated Akt phosphorylation, glucose uptake and glycogen
synthesis in C2C12 myotubes. The preventative effect of MN6 on
palmitate-induced insulin resistance in C2C12 myotubes was depen-
dent on the activation of TGR5 and the cAMP/PKA pathway.

In recent years, developing small molecular agonists of TGR5 has be-
come a hot spot in drug discovery for its promising potential in treating
metabolic syndromes [11,25,26,34]. Among the reported agonists, MN6
showed outstanding efficacy toward TGR5 (EC50 values of 1.5 and
18 nM on hTGR5 and mTGR5, respectively) compared to the efficacy
of other synthetic agonists, such as INT-777 (EC50 value was 820 nM
on hTGR5) and INT-767 (EC50 value was 630 nM on hTGR5) [35,36];
in additionMN6did not have FXR activity. TGR5 agonists were reported
to increase the cellular cAMP levels, stimulating GLP-1 secretion from
intestinal L-cells and, thus, regulating glucose homeostasis [6,37,38].
Here, MN6 increased cAMP production in human TGR5- and mouse
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TGR5-overexpressing HEK293 cells; this is consistent with our results
froma previous reportwherewehad performed a CRE-driven luciferase
reporter gene assay [26]. As expected, MN6 stimulated GLP-1 secretion
both inNCI-H716 cells and in CD1mice; in addition,MN6 showed a pro-
nounced effectwhen co-administeredwith theDPP-4 inhibitor BI-1356.
Moreover, the efficacy studies show that a single dose of MN6 signifi-
cantly decreased the blood glucose levels of ob/ob mice, and 15 days of
treatment with MN6 reduced the fasting blood glucose level and the
HbA1c level in ob/ob mice, proving the potency of MN6 in treating hy-
perglycemia by acting as a TGR5 agonist.

DIOmice are clinically relevantmodels of diabesity and are similar to
obese humans who consume high-fat and energy-rich diets. After HFD
treatment, themice developed obesity and showed a greater insulin re-
sistance that determined by the glucose tolerance test and the insulin
tolerance test compared to the respective tolerances in the SD mice.
Here, MN6 administration significantly ameliorated both glucose toler-
ance and insulin tolerance, indicating an improvement in insulin sensi-
tivity, which is in accordance with results obtained in the INT777-
treated DIOmice [6]. It was well demonstrated that GLP-1 agonists reg-
ulate appetite and cause weight loss [39]. The food intake and body
weight of DIO mice were decreased by MN6 treatment, it might be
caused by TGR5 mediating stimulation of GLP-1 secretion. The limita-
tion of our current study is that we did not set a pair feeding control
to exclude the affection of food intake. However, these changes on
food intake and body weight were not found in the study on ob/ob
mice. The plausible explanation for the differences might lie with the
different animal models. Unlike the modified GLP-1 peptide, the native
GLP-1 release stimulated by TGR5 activationwould be quickly degraded
by DPP-4. A report showed that plasma DPP-4 activity of leptin-
deficient ob/ob mice was significantly higher than non-diabetic mice
[40], whichmight be the reason of the lack of effects of MN6 on food in-
take and body weight in ob/ob mice. INT777 was shown to increase
insulin-stimulated glucose uptake in the muscles of DIO mice after
10 weeks of treatment, but no further investigation was performed to
evaluate whether any direct effects that are independent of GLP-1
may be involved [6,41]. Our results show that treatment with MN6 for
39 days increased the insulin-stimulated glucose transport in the skele-
tal muscles of DIO mice, indicating that there was an improvement in
the glucose metabolism of the skeletal muscles. TGR5 was reported to
play important roles in modulating some signaling pathways that
were associated with insulin signaling, such as nuclear factor-κB (NF-
κB) in vascular endothelial cells [42] and the Akt signaling pathway in
macrophages [43,44]. Therefore, we wondered whether the activation
of TGR5 would have similar effects on the Akt signaling pathway,
whichwould further regulate glucose utilization in the skeletalmuscles,
although the beneficial effects ofMN6 on glucose homeostasis and insu-
lin sensitivitymay also be related to the increased levels of GLP-1 secre-
tion. Thus, to evaluate the direct effects of TGR5 activation on glucose
metabolism and insulin sensitivity in the skeletal muscles, we further
investigated the regulatory effects of MN6 on palmitate-induced insulin
resistance in C2C12 myotubes.

The elevation of free fatty acidsmay be a primary factor in the devel-
opment of insulin resistance andmay further result in a reduction in the
levels of both glucose transport and glycogen synthesis in skeletal mus-
cles [17,45]. Here, we used palmitate to induce insulin resistance in
C2C12 myotubes. Pretreatment with MN6 antagonized palmitate-
induced insulin resistance by ameliorating palmitate-impaired insulin-
stimulated Akt phosphorylation, glucose uptake and glycogen synthesis
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in C2C12 myotubes. As native ligands of TGR5, BAs have been widely
used to explore the physiological functions and beneficial effects of
TGR5 activation on metabolic disorders [3,5,6,46]. Here, LCA, a native
BA, showed a high similarity to the effects of MN6 on Akt phosphoryla-
tion and glycogen synthesis, which further verified that TGR5 activation
could counteract palmitate-induced insulin resistance in C2C12
myotubes.

TGR5 activation is known to directly trigger cAMP generation. Here,
MN6 increased the cellular cAMP levels in C2C12 myotubes as it did in
HEK293 cells transfected with a TGR5 expression plasmid. To investi-
gate the role of TGR5 in mediating the effects of MN6 in the skeletal
muscles, siRNA transfection and inhibition studies were performed in
C2C12 myotubes. The effects of MN6 on cAMP generation and insulin-
stimulated Akt phosphorylation were completely abolished upon the
down-regulation of TGR5, indicating that these effects were dependent
on TGR5. These results were further demonstrated by using the adenyl-
ate cyclase inhibitor MDL-12330-A, which inhibits intracellular cAMP
generation. This AC inhibitor completely blocked the preventative ef-
fects of MN6 on insulin-stimulated Akt phosphorylation impaired by
palmitate. Thus, the protective effect of MN6 on palmitate-induced in-
sulin resistance is dependent on TGR5-stimulated cAMP generation in
C2C12 myotubes.

The physiological effects of cAMP are mainly mediated by cAMP-
dependent PKA, which in turn, phosphorylates and regulates the func-
tions of downstream protein targets [47–49]. The effects of cAMP/PKA
on glucose metabolism and insulin signaling have been controversial
due to the use of different physiological conditions [50,51]. Mangmool's
report shows that sustained βAR stimulation inhibited insulin-
stimulated glucose uptake and GLUT4 translocation in a PKA-
dependent manner in cardiomyocytes [50]. However, another study
shows that a thyroid-stimulating hormone increased Akt phosphoryla-
tion and glucose uptake in L6 myotubes [52], suggesting that the selec-
tive activation of PKA in the skeletal muscles could be positively
associated with insulin sensitivity. Here, using the PKA inhibitor H89
[53], we found that the preventive effects of MN6 on the palmitate-
induced suppression of insulin-stimulated Akt phosphorylation in
C2C12 myotubes was fully abolished, indicating that PKA activity was
necessary. Taking these results together, we can conclude that the ef-
fects of MN6 on ameliorating insulin resistance in the skeletal muscles
depends on TGR5 and cAMP/PKA pathway activation.

5. Conclusions

In this study, by using MN6, a potent and selective agonist of TGR5,
we show the beneficial effects of TGR5 activation on the regulation of
glucose homeostasis and insulin resistance. MN6 reduced the high
levels of blood glucose in ob/ob mice, a genetic diabetic animal model,
and improved the glucose tolerance and insulin tolerance in DIO mice.
More importantly, this study demonstrates that MN6 increased the
insulin-stimulated glucose transport in the skeletal muscles of DIO
mice and that the activation of TGR5 could ameliorate palmitate-
induced insulin resistance in C2C12 myotubes through the cAMP/PKA
pathway. Although the GLP-1-mediated effects could not be excluded
in the in vivo studies, we can ascertain that some direct effects of
TGR5 activation in the skeletal muscles would contribute to the im-
provement in glucose homeostasis and insulin sensitivity based on the
experiments in C2C12 myotubes. These results uncovered a new effect
of TGR5 agonists on regulating insulin sensitivity in the skeletalmuscles
and further strengthened the potential value of TGR5 agonists for the
treatment of type 2 diabetes.
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